The membrane concentration osmometer coupled with multiple sample preparations has been used for over a century to determine a number of colloidal properties. At the dilute region, this method has been used to determine solute molecular mass. When the solution is proteinaceous, in the intermediate region, the osmotic pressure profile provides the second virial coefficient, useful for estimating protein crystallization and salting out. At the most crowded concentrations, it provides insight on protein hydration and protein-ion interaction. One of the most critical factors in generating the osmotic pressure profile is minimizing the quantity of protein used and reducing the error in preparing samples. Here, we introduce a membrane concentrating osmometer that allows one to measure osmotic pressure over a wide concentration range from a single sample. A test study was performed using the osmotic pressure profile of self-crowded bovine serum albumin (BSA) solutions. The resulting profile was in good agreement with previous data in the literature obtained from multiple sample studies. The osmotic pressure profile was further used with a free Hale et al. These results were in excellent agreement with literature values. This concentrating osmometer has several advantages over conventional concentration osmometer for obtaining the osmotic pressure profile for proteinaceous solutions; 1) the amount of protein required is significantly decreased, 2) the potential for experimental error in sample preparation diminishes, and, 3) the time for generating the osmotic pressure profile is substantially reduced.
2 solvent-based (FSB) osmotic pressure model to determine protein hydration and ion binding.
These results were in excellent agreement with literature values. This concentrating osmometer has several advantages over conventional concentration osmometer for obtaining the osmotic pressure profile for proteinaceous solutions; 1) the amount of protein required is significantly decreased, 2) the potential for experimental error in sample preparation diminishes, and, 3) the time for generating the osmotic pressure profile is substantially reduced.
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INTRODUCTION
The use of osmometers to determine critical solution parameters dates back to the late nineteen century with van't Hoff's Nobel Prize-winning discovery that the relationship of osmotic pressure of dilute colloid solutions to concentration was consistent with the ideal gas law. 1, 2 Researchers have subsequently used measured osmotic pressure for dilute solutions at various concentrations to extrapolate the molecular mass of a dissolved colloid. [3] [4] [5] [6] It was soon recognized that van't Hoff's model could not account for the behavior of highly concentrated solutions and others offered the correction in the form of a phenomenological virial expansions that could account for solute-solute interactions. 7 This effort resulted in interpretations of the second virial coefficient as an interaction parameter. [8] [9] [10] [11] [12] [13] [14] But in nearly all cases, the osmotic pressure results used in the interpretation of the solution properties requires a series of solutions of varying concentrations in the region of interest. This could be time intensive, both in preparation and in measurement. As examples, Vilker (1976) reported that each data sample used to generate the osmotic pressure profile required approximately 6 h to establish equilibrium using his manometer-based pressure measurement technique. 15 Because a minute but significant volume of fluid was transported across his two chamber osmometer, additional time was devoted to correcting for the final solvent-and solutionside concentrations. 15 Wu et al. (1999) indicated that, in their methods for preparing the osmotic pressure profile, each sample required overnight equilibration. 16 Yousef et al. (2001) reported that, in preparation of concentrated solutions of immune gamma globulin, dissolution of high concentrations required 2 or 3 days. 17 Yousef used a pressure transducer for the osmotic pressure measurements but the overall time for measurement equilibrium remained approximately 5-6 h. 17 Similar time requirements are reported in other studies where the osmotic pressure profile is generated. [18] [19] [20] [21] Hale et al. (2018) modified the osmometer further by increasing the volume of the 4 solvent-side chamber of the device. This ultimately acted as an infinite sink and eliminated solution-side concentration corrections. Nevertheless, excessive sample preparation time and material use were not eliminated. 21 Overall, a time commitment on the order of days is required to generate a single osmotic pressure profile.
As eluded to above, the protein mass required to prepare each solution can also be significant. A single solution osmotic pressure data point in dilute solutions can require very little protein mass. However, for measurements at high concentrations, the solute mass can be on the order of grams. 17, 22 Recent observations show that the osmotic pressure profile of highly concentrated self-crowded protein solutions provides insight into protein hydration and ion binding. 17, 18, 20, 21, [23] [24] [25] [26] [27] These are critical parameters in characterizing novel proteins. For many proteins of interest, the costs to providing gram quantities of protein to generate the osmotic pressure profile may be prohibitive. For self-crowded solutions studies, preparing an osmotic pressure profile can require substantial solution preparation and time.
Ultimately, the large time and materials commitment required to generate an osmotic pressure profile is relatively expensive. Because of this large investment, duplicate data points are rarely determined. Consequently, any error analysis is representative of the regression of the data to a proposed model. [15] [16] [17] 21, 23 An exception to this is the osmotic pressure profile for bovine serum albumin (BSA) in 0.7 M NaCl at pH 6.3 reported by Kappos and Pauly (1966 However, no design to the authors' knowledge, address the reduction in sample preparation for each data point used in an osmotic pressure profile. One design has reduced the experimental time by incorporating a moderately large volume stirred cell, however, additional solute must be added to the system after each run to obtain measurements for different concentrations. 36 Here, we have designed and developed a concentrating osmometer that allows a single sample to be concentrated to provide the osmotic pressure profile used for solution property analysis. This is accomplished by beginning with an initial solution volume and after the osmotic pressure reaches steady state, decreasing the volume using a plunger, and then repeating these steps to obtain additional data points. Because the solution is nearly incompressible, the overall system is designed to withstand pressures much greater than the resulting osmotic pressure.
This method also allows for a decrease in the time required to obtain a complete osmotic pressureconcentration curve. A conventional membrane osmometer requires that protein solutions be made for each desired concentration and wait sufficient time for a solution to reach steady state in the osmometer. As mentioned above, even when the pressure head is adjusted, this process can take hours per sample. 16 In this proposed design, working continuously with one initial solution and concentrating that solution repeatedly, the quantity of total sample mass is reduced and the time to obtain an osmotic pressure profile can be substantially decreased.
DESIGN OF THE CONCENTRATING OSMOMETER

Overall function
The concentrating osmometer is based upon the standard osmometer device which consists of two chambers, the solute chamber and the solvent chamber, separated by a supported semipermeable membrane. [17] [18] [19] [20] 23 The membrane is such that the osmolyte of interest is totally retained.
Selection of the membrane is important to ensure that only desired species are able to transverse 6 the membrane. This is achieved by selecting a membrane pore size that is large enough to freely allow permeability of the solvent, but small enough to prevent the restricted species from passing through. The membrane's chemical structure and all surfaces that come in contact with the species are selected to not affect the solutions.
Typically, a solution is added to the solute chamber and the solvent chamber is open to atmosphere. The solvent chamber is sufficiently large to represent an infinite sink. In the initial reading, the system is allowed to obtain equilibrium and the pressure reading is determined. . Knowing the dimensions of the solute chamber and assuming totally retained solutes, the change in chamber height can be used to determine the change in solute concentration by a mass balance. For the n th measurement, the concentration, , is determined as
where is the initial colloid mass in the sample, is the initial sample volume, and ∆ is the volume change associated with the j th measurement.
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The overall device design is shown in Figure 2 . During operation, the overpressure can become several times greater than the resulting osmotic pressure. Therefore, the device design was constructed to withstand pressures not normally present in conventional membrane osmometers.
Details of the device measurements are shown in the supplement ( Figures S1-S4 ). The following describes the details of the device.
Design of the solute chamber
The solute chamber (Figure 2 (7)) is a straight cylinder allowing for the maximum available The upper component of the plunger threads into the solute chamber allowing the plunger to move up and down. The threading has been selected to maximize the vertical sensitivity while maintaining enough strength to ensure that the threads do not strip.
The plunger top and bottom are also connected by threading together, but with threads of the opposite direction of those connecting the solute chamber and the plunger top. These connections having opposing thread and a thread gap in the plunger connection, allow the two parts of the plunger to rotate independently of each other. This thread gap is after the connecting thread on both the plunger bottom and top, so that when the plunger is rotated to lower the plunger 9 assembly deeper into the solute chamber, the threading between the plunger bottom and top are not in contact and so will prevent them from unthreading. Conversely, when the plunger assembly is unscrewed the threads of the plunger top and bottom come in contact but do not unscrew as the plunger top's rotation is in the opposite direction of the connecting threads. By constructing the plunger top and bottom in this way, the plunger assembly is only able to become disassembled outside of the osmometer.
The plunger top is slotted similarly to the transducer lock to allow the transducer wires to slide through for easy assembly. The slot has the added benefit of being useful as a measurement of rotation around the solute chamber. Given the plunger threading, initial location, and degree of rotation, the concentration of the solute solution can be determined by change in solute chamber height. In order to rotate the plunger, increasing or decreasing the solute chamber volume, the top of the upper plunger is notched allowing for attachment of a wrench. The design specifications of the plunger are shown in the supplement ( Figure S2 ).
Solvent chamber
The solvent chamber (Figure 2 (12) ) holds solution containing all transmittable species. In order to ensure that the transmission of species from the solvent to solute chamber does not significantly affect the concentration of that species on the solvent chamber, the quantity of solvent in the solvent chamber is several orders of magnitude larger, thus, acting as an infinite sink. Instead of containing the large volume of solvent solution within the osmometer, the solvent chamber has a minimized volume, but ports are installed on the solvent side to pump solution past the membrane from a container of desired volume. Delivering solvent to the chamber, via a pump, has the added benefit of moving the solvent past the membrane by convection to reduce a diffusion boundary layer at the solvent side. The design dimensions for the solvent chamber are illustrated in the supplement ( Figure S3 ).
Reinforced membrane support
The overpressure that results when contracting the solute solution has the potential to bow the membrane toward the solvent chamber, increasing the solute chamber volume, and, potentially, introducing error in the solute-side concentration calculation. To minimize this effect, a porous stainless-steel support (Figure 2 (10) ) is employed on the solvent side of the membrane. The support is 1 mm thick with 3 mm circular openings separated by a nominal distance of 0.8 mm.
The pores do not hinder the transmission of species and the overall support minimizes membrane flex. The membrane support is sealed around its diameter as well as on the solvent chamber side to prevent solution leaks. Sealing around the diameter can be achieved using non-reactive epoxy, while a gasket (Figure 1 (11) ) can seal the membrane support to the solvent chamber. The detail dimensions of the membrane support are shown in the supplement ( Figure S4 ).
Assembly
The solution and solvent chambers are screwed together in order to provide the pressure required to seal and secure the gaskets, between the solvent chamber, membrane support, membrane, and the solute chamber. In order to keep the membrane support and the gasket in line with the membrane and solvent chamber, the solvent chamber has a cutout for the gaskets and membrane support to rest, while the solute chamber has an extrusion of a slightly smaller diameter to ensure correct alignment and desired sealing pressure.
Concentrating factor
This design has a solute chamber with a maximum volume of 2. , with only 55 mg of BSA.
Although this design is used herein to validate a concentrating osmometer, alterations can be made to the design to further reduce the minimum and maximum volumes to increase the concentrating factor as necessary.
EXAMPLE APPLICATION: PREDICTION OF HYDRATION AND ION BINDING OF SELF-CROWDED BSA
Overview
In this example, a single sample of BSA is used to generate an osmotic pressure profile that can be used to predict protein hydration and ion binding via the free solvent-based (FSB) osmotic pressure model. [17] [18] [19] [20] [23] [24] [25] 27, 37, 38 These parameters can be extracted from the non-linear range of the osmotic pressure profile.
Free solvent-based (FSB) model relates osmotic pressure profile to hydration and ion binding Full mathematical development of the free-solvent based model is described elsewhere.
17,25
Briefly, for a two chamber osmometer separated by a semi-permeable membrane in which there are n distinct species, where p proteins (or other rejected solutes) are fully rejected and confined to chamber II and the remaining species (n -p) are diffusible, the free-solvent based model describes the osmotic pressure, π, as 
RESULTS
Osmotic pressure profiles
To determine hydration and ion binding, the critical osmotic pressure concentration profile is required for protein concentrations near saturation. For this study, the concentration range focused in this region of interest beginning at approximately 200 -300 g L -1
. Regression hydration and ion binding parameters extracted from this upper part of the osmotic pressure profile can potentially have significant error 23 , especially given the error observed in this region by previous investigators. 15, 28 Therefore, six trials were performed at elevated concentrations as a proof of concept. Figure 3 provides a representative curve of the pressure profile during operation. Pressure readings were found to reach equilibrium in less than one hour, albeit, since changes in volume were performed manually, the time between changes were arbitrary and sometimes up to 30 h.
Nevertheless, the results illustrated that the pressure during these large intervals remained relatively constant demonstrating less than a 1% variation in pressure for a 30 h period where the volume was held constant (Figure 3 ). The pressure profiles for each case are shown in the supplement (S3. Raw Data. Figures S6-S12 ). The corresponding solute chamber volume measurements are shown in the supplement (S4. Chamber Heights for Concentration Steps, Table S1 ).
The osmotic pressure for BSA solutions, in 0.15M NaCl at pH 7.4, 25°C, are shown in Table 1 . Concentrated osmotic pressure for BSA has been previously studied 22 and literature data in the observed concentration range was used for a comparison between the concentrating osmometer and a conventional osmometer. Figure 4 shows a plot of the results from the six trials and the results from the literature. Example calculations are in the supplement (S5. Example Calculations).
Calculation of hydration, , and ion binding parameters, The osmotic pressure profiles for each trial were used to regress (TableCurve 2D, Systat Software, San Jose, CA) the best fit values of the hydration, , and ion binding parameters, , of the FSB model (Eqn. (2)). The best fit curves for the FSB model for the aggregate combination of the data and the literature values are shown in Figure 4 . Table 2 shows the resulting hydration and ion binding parameters for each the trials and for the overall combination of all six trials.
With increased concentration, the osmotic pressure changes rapidly and may alter the membrane integrity of conventional membrane osmometers. As mentioned above, the concentrating osmometer presented here demonstrated sustained pressure readings for periods on the order of one day. This observation allays concerns of device leakage and offers further reliability in the results, particularly at high concentrations.
DISCUSSION
Error analysis of the osmotic pressure profile at high concentrations As seen in Figure 4 , with the exception of Trial 2, there is an error of 18% in the osmotic pressure results for the highest value. This level of error is consistent with what was observed previously by Kappos and Pauly (1966) . We have previously shown that the sensitivity of osmotic pressure increases significantly near saturation conditions. 23 Nearly all of the results produced an osmotic pressure for specific concentrations of BSA that were higher than that presented by Vilker et al. (albeit, the results from Trial 2 are notably higher). The observed slightly higher data values may be due to modest changes in ionic strength from the work of Vilker. Because the solvent chamber was on the order of the size of the solution chamber, Vilker, used aliquots of 0.1 N NaOH or 0.1 N HCl to adjust pH. He did not measure the change in ionic strength but estimated it to be as much as ± 0.03 M. 15 
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The error related to the height and absorbance measurements in our work are calculated to be less than ± 1% and ± 0.5%, respectively, with pressure transducer error documented at less than ± 2 kPa. The large deviation in the osmotic pressure from Trial 2 is likely coupled to an error in solution preparation.
Advantages and disadvantages of concentrating membrane osmometer over conventional devices
The concentrating osmometer has a number of advantages over conventional devices when generating osmotic pressure profiles. Perhaps the primary advantages are; 1) the preparation time is reduced, 2) the operation time is reduced, 3) the associated labor is reduced and 4) a lower quantity of sample is required for the complete osmotic pressure profile. In conventional osmometers, preparation of a single osmotic pressure profile took several weeks and required a series of sample preparations and device loading. At higher concentrations, a single solution preparation could take as much as two days. 15, 18 A disadvantage is of the concentrating osmometer is that sampling error can propagate throughout the entire concentration range for the profile. Using error propagation, the variance in , , is
where is the error in the measurement of the initial mass, is the variance in the initial volume and ∆ is the variance in the i th volume change. One can see that as n increases, the error in increases significantly. With fixed ∆ the error propagates at a minimum rate of √ 1 ∆ . Even with excellent sample preparation, a dramatic increase in error is expected at high concentrations, particularly as ∑ ∆ → 0. Thus, researchers should be mindful of the potential error in using the concentrating osmometer.
CONCLUSION
Here, a concentrating osmometer for determining an osmotic pressure profile for a colloid solution from a single sample was developed and tested. The practical issues and applications were discussed. The concentrating osmometer was tested for a BSA solution in 0.15 M NaCl at pH 7.4.
There was good agreement between the osmotic pressure profile and the regressed hydration and ion binding values between this study and the literature.
The concentrating osmometer can substantially reduce the required quantity of protein used to obtain the osmotic pressure profile and can significantly reduce the time required to obtain a complete osmotic pressure profile. One should be aware of the propagation of error from the initial sample measurements when evaluating the results. Although the study often used large variations between volume changes, the results show that the system reaches steady-state within one hour.
Thus, an osmotic pressure profile for a region of interest for highly colloid solutions can be obtained on the order of one day with substantially reduced preparation error. Since the sample size required to generate the osmotic pressure profile is substantially reduced, gram quantities of the protein are no longer required. 
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